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ABSTRACT

El Niño–Southern Oscillation (ENSO) in a 1300-yr preindustrial control simulation of the Community

Climate System Model, version 4 (CCSM4), exhibits distinct modulation in association with tropical Pacific

decadal variability (TPDV). The frequency and duration of El Niño events modulate with changes in the

interbasin sea surface temperature (SST) gradient related to the leading mode of TPDV, which resembles the

interdecadal Pacific oscillation (IPO). La Niña shows similar changes with the IPO but is also controlled by

changes in El Niño that often precedes La Niña, and these effects tend to cancel each other. The amplitude of

ENSO, on the other hand, is closely related to the second leading mode of TPDV that affects the zonal and

meridional contrast of tropical Pacific climate. Significant changes in the pattern and seasonal evolution

related to this TPDV mode are found mainly for El Niño because of the nonlinear relation between the

atmospheric deep convection and SSTs. The resultant changes in the amplitude of El Niño, in turn, affect the

amplitude and duration of the following La Niña, as well as the asymmetry in their patterns and duration. The

decadal ENSO modulation associated with both TPDV modes is not symmetrical between El Niño and La

Niña and thus is not likely to occur solely as a result of random variability. The patterns of TPDV in CCSM4

have resemblance to those simulated by its atmospheric component coupled to a slab oceanmodel, suggesting

that TPDV induced by stochastic atmospheric variability interacts with the ENSO dynamics.

1. Introduction

Dynamic and thermodynamic feedbacks between the

ocean and atmosphere give rise to the El Niño–Southern
Oscillation (ENSO) phenomenon in the equatorial Pa-

cific, the dominant mode of climate variability on in-

terannual time scales (e.g., Wallace et al. 1998; Neelin

et al. 1998; Wang and Picaut 2004; Chang et al. 2006).

Warm (El Niño) and cold (La Niña) phases of ENSO

typically last 1–2yr and repeat approximately every 3–8yr.

El Niño and La Niña are not a simple mirror image and

exhibit asymmetry in their spatial pattern and seasonal

evolution (e.g., Hoerling et al. 1997; Burgers and

Stephenson 1999; Kessler 2002; Larkin and Harrison

2002; Ohba and Ueda 2009; Okumura and Deser 2010).

Changes in the atmospheric deep convection associ-

ated with ENSO force an atmospheric Rossby wave

into the extratropics, inducing climate anomalies over

many parts of the world (e.g., Trenberth et al. 1998;

Alexander et al. 2002). The ENSO phenomenon thus

provides an important source of climate predictability

in the tropics and beyond.

Analyses of observational data and paleoclimate

proxy records show that the amplitude of ENSO varied

considerably on decadal–interdecadal time scales in the

past (e.g., Trenberth and Shea 1987; Gu and Philander

1995; Wang and Wang 1996; Cobb et al. 2003; D’Arrigo

et al. 2005; Li et al. 2011; Emile-Geay et al. 2013).

During the twentieth century, interannual variability of

ENSOweakened between the 1920s and early 1960s and

rapidly intensified in the late 1960s (Fig. 1). Despite

sparse SST observations in the equatorial Pacific during

the first half of the twentieth century (e.g., Deser et al.

2010a), this ENSO amplitude modulation is remark-

ably consistent between instrumental data and various

paleoclimate reconstructions (McGregor et al. 2013b).

The ENSO amplitude inferred from North American

tree ring records exhibits 50–90-yr cycles of modulation

over the past 1100 yr (Li et al. 2011). In addition to the

amplitude, observational analyses suggest that various

other properties of ENSO changed around the Pacific-

wide climate regime shift in the late 1970s. In particular,

the period of ENSO increased (Gu and Philander 1995;
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Wang and Wang 1996), El Niño became more frequent

than LaNiña (Trenberth andHurrell 1994), propagation

direction of sea surface temperature (SST) anomalies

associated with El Niño changed from westward to

eastward (Wallace et al. 1998; Wang and An 2002;

McPhaden and Zhang 2009), and asymmetry in the

amplitude and spatial pattern of El Niño and La Niña
becamemore evident (Wu andHsieh 2003; An 2004). At

the same time, background climate shifted toward a

more El Niño–like state, with warming in the tropical

Pacific and along the west coast of the Americas, cooling

in the central North Pacific, and deepening of the win-

tertime Aleutian low (e.g., Nitta and Yamada 1989;

Mantua et al. 1997; Zhang et al. 1997; Garreaud and

Battisti 1999; Deser et al. 2004).

The concurrent changes in the background state and

ENSO in the late 1970s led to a number of studies in-

vestigating the impact of a changing background state

on ENSO. Several studies suggest that the present-day

ENSO is a neutrally stable mode and a change in the

background state affects the stability and properties of

this interannual variability (Hao et al. 1993; Jin and

Neelin 1993; Fedorov and Philander 2000, 2001).

Indeed, the amplitude and frequency of ENSO are

modulated by prescribed mean state changes in accor-

dance with observations in some intermediate or hybrid

coupled models (e.g., Wang and An 2002; Ye and Hsieh

2006; Fang et al. 2008; An and Choi 2015). Conversely, it

has been argued that ENSO is a stable mode forced by

stochastic variability of the atmosphere and its decadal

modulation is merely a response to the low-frequency

component of noise forcing and hence unpredictable

(e.g., Flügel and Chang 1999; Thompson and Battisti

2001; Flügel et al. 2004; Yeh et al. 2004;Wittenberg et al.

2014).

Multicentury simulations of full-physics climate

models show that the decadal modulation of ENSO is

closely related to changes in the background state, sug-

gestive of their interactions (e.g., Timmermann 2003;

Rodgers et al. 2004; Yeh and Kirtman 2004; Choi et al.

2009, 2013; Ogata et al. 2013). In these models, stronger

ENSO is associated with a weaker zonal gradient of the

background SST and thermocline in the equatorial Pa-

cific (i.e., warmer SST and deeper thermocline in the

east and colder SST and shallower thermocline in

the west). This zonal dipole pattern emerges as one of

FIG. 1. The Niño-3.4 index (8C; dark blue and red shaded curve) and its 10-yr low-pass-filtered component (light

blue and pink shaded curve) and 10-yr running standard deviation (black curve) from (top) the HadISST dataset

and (bottom) the CCSM4 control simulation for model years 900–1100. The 10-yr running standard deviation is

shown as a deviation from the standard deviation for the entire period (0.778C forHadISST and 1.068C for CCSM4).
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the leading modes of tropical Pacific decadal variability

(TPDV) in climate models and is distinct from the

zonally symmetric pattern associated with the regime

shift or interdecadal Pacific oscillation (IPO; Power

et al. 1999). A similar zonal dipole pattern of decadal

SST variability is suggested in the analysis of observed

SSTs (Sun and Yu 2009; Newman et al. 2016). Yeh and

Kirtman (2004) show that the IPO simulated in their

model is uncorrelated with the ENSO amplitude, con-

sistent with a recent multimodel study (Choi et al. 2013)

and observational analysis (Yeh and Kirtman 2005;

McGregor et al. 2010). (Recall that the ENSO ampli-

tude begins to increases in the late 1960s, a decade be-

fore the regime shift in Fig. 1.) Despite a number of

studies that examine the relation between the late

1970s regime shift and ENSO, it remains ambiguous if

the IPO is associated with any other systematic changes

in ENSO.

Themechanisms of decadal ENSOmodulation and its

relation to TPDV are not fully understood. During the

period of strong ENSO, the warmer SST in the eastern

equatorial Pacific is suggested to enhance positive at-

mospheric feedback by increasing the sensitivity of the

atmospheric deep convection to a given SST anomaly

(Choi et al. 2009), while the reduced zonal and vertical

gradients of ocean temperatures weaken positive oce-

anic feedback (Timmermann 2003; Rodgers et al. 2004).

A change in ENSO variability may, on the other hand,

induce nonzero residual effect on the mean SSTs (Jin

et al. 2003; Rodgers et al. 2004; Choi et al. 2009, 2012;

Ogata et al. 2013). The strong ENSO acts to increase the

mean SSTs in the east and to decrease the mean SSTs in

the west because of the eastward displacement of the

positive SST anomalies during El Niño compared to the

negative ones during La Niña, as well as to the non-

linearity in oceanic processes. Thus, ENSOmay serve to

reduce the time-mean thermal contrast of the tropical

Pacific (Schopf and Burgman 2006; Sun and Zhang

2006). The insufficient knowledge of ENSO modulation

mechanisms may be in part responsible for the lack of

consensus on the future ENSO behavior in a changing

climate (e.g., Guilyardi 2006; Collins et al. 2010;

DiNezio et al. 2012; Cai et al. 2015; Zheng et al. 2016; An

and Choi 2015).

The limited understanding of TPDV further hampers

the studies of decadal ENSOmodulation [see Liu (2012)

for a review]. Earlier studies of the ENSO modulation

associated with IPO consider its linkages to the extra-

tropical ocean and atmosphere. Gu and Philander

(1997) and Zhang et al. (1998), among others, propose

that decadal changes in the extratropical ocean tem-

peratures are subducted and advected equatorward

along isopycnal surfaces, affecting the thermal structure

of the equatorial Pacific and ENSO. Subsequent studies,

however, demonstrate that the decadal variations of the

tropical Pacific are mostly forced by changes in local

winds (Schneider et al. 1999a,b; Hazeleger et al. 2001;

Karspeck and Cane 2002). Regarding the atmospheric

bridge, Barnett et al. (1999) and Pierce et al. (2000)

propose that the low-frequency components of sto-

chastic atmospheric variability in the extratropics affect

equatorial winds via changes in subtropical SSTs and

resultant changes in the equatorial thermocline

modulate ENSO. Note that this mechanism involves

changes in the tropical Pacific mean state and thus dif-

fers from the null hypothesis of decadal ENSO modu-

lation (e.g., Flügel and Chang 1999).

The stochastic origin of TPDV has been revisited

by recent studies (Dommenget and Latif 2008;

Dommenget 2010; Clement et al. 2011; Okumura 2013).

These studies show that atmospheric models coupled

to a mixed layer ocean can generate ENSO-like low-

frequency variability although most models do not re-

produce the observed interannual spectral peak, for

which ocean dynamics plays an important role. The

TPDV simulated in these models may have its origin in

the extratropics (Dommenget and Latif 2008; Okumura

2013), in agreement with the earlier studies by Barnett

et al. (1999) and Pierce et al. (2000). Okumura (2013)

discusses that the tropical Pacific Ocean is more strongly

affected by stochastic atmospheric forcing from the

South Pacific than from the North Pacific as a result of

the northward displacement of the intertropical con-

vergence zone (ITCZ), which is supported by coupled

model experiments by Zhang et al. (2014b). Yeh and

Kirtman (2004) show that the IPO is indeed of stochastic

origin in a series of coupled model experiments where a

single ocean model is coupled to various numbers of

atmospheric models to control the amplitude of atmo-

spheric noise. However, they suggest that a damped,

stochastically forced process cannot readily explain the

decadal variability linked to the ENSO amplitude.

The interactions between stochastically generated

TPDV and ENSO dynamics may be the key to un-

derstand both TPDV and ENSO modulation (Burgman

et al. 2008). Building on this concept, the present study

aims to address several unsolved issues regarding the

linkage between TPDV and ENSOmodulation through

analyses of a long control climate model simulation.

While previous studies of decadal ENSO modulation

focus on the ENSO amplitude, we analyze how various

other properties of ENSO change with TPDV. In par-

ticular, we investigate if there are any systematic

changes in ENSO other than the amplitude in associa-

tion with the IPO. The mechanisms of decadal changes

in ENSO properties are explored through various
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analyses of ocean–atmosphere fields. The analyses are

conducted separately for El Niño and La Niña given

the asymmetric nature of their spatial patterns and

temporal evolution. A hypothesis arising from the

climate model analyses is also tested through experi-

ments with an atmospheric model. Finally, to un-

derstand the origins of TPDV and its interactions with

the ENSO dynamics, the patterns of TPDV simulated

in a climate model are compared with those in a con-

trol simulation of its atmospheric component coupled

to a slab ocean model.

The rest of the paper is organized as follows. Section 2

describes the models and analysis methods used in this

study. Section 3 gives an overview of ENSOmodulation

and its relation to TPDV and then analyzes the mech-

anisms of modulation in various ENSO properties. The

origins of TPDV and the feedback from ENSO modu-

lation are discussed in section 4. The summary and

concluding remarks are given in section 5.

2. Models and methods

a. CCSM4 control simulation

In this study, we mainly analyze a 1300-yr pre-

industrial control simulation of the Community Climate

SystemModel, version 4 (CCSM4;Gent et al. 2011). The

CCSM4 is a state-of-the-art climate model developed at

the National Center for Atmospheric Research and

comprising four components (atmosphere, ocean, land,

and cryosphere) linked by means of a flux coupler. The

atmospheric component, the Community Atmosphere

Model, version 4 (CAM4), uses a finite-volume dy-

namical core and has a horizontal resolution of 0.98
latitude and 1.258 longitude with 26 levels in the vertical.

The oceanic component has longitudinal spacing of 1.138
and latitudinal spacing varying from 0.278 at the equator
to 0.658 at 608N, with 60 levels in the vertical. The ra-

diative forcing is kept at the 1850 level in the control

simulation. The SST and upper-ocean heat content show

very small drifts in the tropical oceans throughout the

simulation, and thus we use the whole 1300-yr data for

our analyses. The long simulation ensures stable statis-

tics. For example, a correlation coefficient that exceeds

0.1 in absolute value is significantly different from 0 at

the 99% confidence level in one-sided correlation

analysis of yearly anomalies (approximate sample size of

;650; cf. Figs. 6 and 7).

The CCSM4 displays notable improvements in simu-

lating salient features of tropical Pacific climate and its

variability on seasonal–decadal time scales compared to

its predecessor CCSM3, owing mainly to changes in the

atmospheric deep convection scheme (Neale et al. 2008;

Gent et al. 2011; Danabasoglu et al. 2012; Deser et al.

2012). Compared to CCSM3, the spatial pattern and

seasonal evolution of ENSO events became more re-

alistic and the period lengthened from 2 to 3–6 yr in

CCSM4. In particular, the pattern and duration of El

Niño and La Niña simulated in CCSM4 exhibit asym-

metry as in observations (Fig. 2): SST, surface wind,

precipitation, and sea surface height (SSH) anomalies

associated with El Niño are displaced eastward com-

pared to those for La Niña, and El Niño tends to ter-

minate quickly after peaking toward the end of the

calendar year, while La Niña often persists into the

following year and reintensifies in boreal winter. Im-

portantly, the CCSM4 simulates the decadal modula-

tion of ENSO amplitude, although the overall

amplitude is larger by about 30% in CCSM4 compared

to observations (Fig. 1). Despite the excessively strong

ENSO, the amplitude of TPDV simulated in CCSM4 is

comparable to that in observations over the Niño-
3.4 region.

A 2200-yr control simulation of the newer version of

the model [the Community Earth System Model, ver-

sion 1 (CESM1; Kay et al. 2015)] is also available, and

this model simulates a more realistic amplitude of

ENSO. The CESM1, however, has larger cold SST bias

in the equatorial Pacific compared to CCSM4, and the

equatorial precipitation has muted response to ENSO.

In addition, El Niño events simulated in this model

have a tendency to last 2 yr and to intensify in the second

year (DiNezio et al. 2017), which is rare in observations.

For these reasons, we elect to analyze the CCSM4 con-

trol simulation. Detailed analyses of the ENSO modu-

lation in CESM1 and other climate models are reserved

for future studies.

b. ENSO and TPDV

We define El Niño and La Niña events when monthly

SST anomalies averaged in the Niño-3.4 region (58S–
58N, 1708W–1208W; here called the Niño-3.4 index) in

December exceed one standard deviation (1.278C) or
are below minus one standard deviation (21.278C),
respectively. The first year when the Niño-3.4 index

satisfies this criterion is set as year 0, and the months of

that year are noted as Jan0, Feb0, . . . , Dec0. If the Niño-
3.4 index satisfies the criterion in consecutive years, it is

counted as a single event. There are a total of 193 El

Niño events and 180 La Niña events in the 1300-yr

CCSM4 control simulation. Monthly standard de-

viations of the Niño-3.4 index peak in January in

CCSM4 instead of December in observations (Deser

et al. 2012), but we use the December index to define

ENSO events in CCSM4 for the consistency with ob-

servational analysis (e.g., Okumura and Deser 2010).
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Using the January index instead does not affect the

results of this study.

The leading modes of TPDV are defined based on

empirical orthogonal function (EOF) analysis of 10-yr

low-pass-filtered annual SSTs in the tropical Pacific (208S–
208N, 1208E–808W). The two leading modes combined

explain 71% of the total low-pass-filtered variance in

CCSM4 (Fig. 3). The global regression map based on the

leading principal component (PC1) resembles the IPO in

observations and shows zonally symmetric warming in the

tropical Pacific and cooling in the central North Pacific for

the positive phase, with associated changes in tropical

precipitation and extratropical atmospheric circulation.

The regression map based on PC2, on the other hand,

shows a zonal dipole pattern in tropical Pacific SST and

precipitation and a meridional displacement of the ITCZ

FIG. 2. Longitude–time cross sections of composite (top) SST (8C; shading), surface wind (m s21; vectors), and precipitation [positive

(negative) contours in green solid (brown dashed) at61, 3, 5, . . .mmday21] and (bottom) SSH (cm; shading) and SST (black contours at

intervals of 0.48C; zero contours thickened) anomalies along the equator (38S–38N) for Oct21–Apr12 of (left) El Niño and (center) La

Niña events in the CCSM4 control simulation and (right) sum of (left) and (center).
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in the eastern equatorial Pacific. These patterns of TPDV

are similar to those simulated in other climate models

(e.g., Yeh and Kirtman 2004).

We analyze how various properties of ENSO change

with the two leading modes of TPDV in the CCSM4

control simulation. The analyses of El Niño and La Niña
events are conducted separately for the positive and

negative phases of the two TPDV modes. Given the po-

tential interactions of ENSO and TPDV, it is difficult to

strictly distinguish ENSO from TPDV in a moving time

frame. The analyses presented in the paper are based on

the ocean–atmosphere anomalies defined as deviations

from the climatology for the entire 1300-yr simulation, but

we repeat all the analyses by using 10-yr high-pass-filtered

anomalies and confirm that the main results do not de-

pend on the data processing unless stated otherwise.

As mentioned earlier, the CCSM4 reproduces the

observed asymmetry in the pattern and duration of El

Niño and La Niña. Previous studies suggest that the

ENSO asymmetry results from the nonlinearity in the

tropical ocean–atmosphere system, especially the non-

linear relations between the atmospheric deep convec-

tion or wind and SSTs (Hoerling et al. 1997; Kang and

Kug 2002; Ohba and Ueda 2009; Wu et al. 2010;

Okumura et al. 2011; Dommenget et al. 2013;McGregor

et al. 2013a) and between the thermocline depth and

SSTs (Burgers and Stephenson 1999; Meinen and

McPhaden 2000; Galanti et al. 2002; DiNezio and Deser

2014). These nonlinear processes may also affect the

way by which ENSO interacts with TPDV. The present

study shows that this is indeed the case, and thus all the

analyses presented in the paper are conducted sepa-

rately for El Niño and La Niña.

c. CAM4-SOM control simulation

To understand the origins of TPDV, the CCSM4

control simulation is compared to a 500-yr control sim-

ulation of CAM4 coupled to a slab ocean model (SOM).

The SOM has the same horizontal grid as CAM4 and

computes SSTs from surface heat flux andQ flux, which

represents the effect of climatological ocean heat

transport. The CAM4-SOM also includes the same land

and sea ice models as CCSM4. The ocean and atmo-

sphere are only thermodynamically coupled in this

model, and therefore the Bjerknes feedback is absent.

The mixed layer depth and Q flux are based on the cli-

matology of the CCSM4 control simulation. The Q flux

varies monthly, but the mixed layer depth is fixed at the

annual mean value to better balance the annual cycle of

heat (Bailey et al. 2009). The fixed mixed layer depth

FIG. 3. Regression maps of global SST (8C; shading), SLP (black contours at intervals of 0.1 hPa; zero contours

thickened), and precipitation [positive (negative) contours in green solid (brown dashed) at intervals of

0.2mmday21] anomalies on (top) (left) the 10-yr low-pass-filtered component and (right) 10-yr running standard

deviation of the Niño-3.4 index and (bottom) the (left) PC1 and (right) PC2 of TPDV in the CCSM4 control

simulation. The predictors are standardized and SST, SLP, and precipitation data are smoothed with a 10-yr low-

pass filter prior to the regression analysis. The first and second modes of TPDV explain 47% and 24% of the total

low-pass-filtered variance, respectively.
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results in larger SST variability over the extratropical

oceans compared to CCSM4, as themixed layer does not

deepen in winter when atmospheric variability in-

tensifies (not shown). The leading modes of TPDV in

CAM4-SOM are defined using the same method for

CCSM4 (section 2b). Okumura (2013) compares the

leading mode of TPDV in CCSM4 and CAM4-SOM. In

this study, we extend the analysis to the second leading

mode of TPDV and discuss the role of stochastic at-

mospheric forcing and equatorial ocean dynamics.

d. CAM4 experiments

The analyses of the CCSM4 control simulation suggest

that the second leading mode of TPDV has asymmetric

impacts on the seasonal evolution of El Niño and La

Niña. To test if this asymmetry arises from nonlinearity in

the atmosphere, we conduct standalone CAM4 experi-

ments. Two sets of El Niño and La Niña experiments are

conducted by prescribing composite monthly SSTs from

Jan0 to December of the third year (Dec12) based on the

CCSM4 control simulation. In the first and second sets of

El Niño and La Niña experiments, we add time-invariant

background SST changes associated with the positive and

negative phases of the second leading mode of TPDV,

respectively. The TPDV SST anomaly pattern is derived

by regressing 10-yr low-pass-filtered annual mean SSTs

on one standard deviation PC2 (Fig. 3). Each of these

four experiments consists of 20-member ensemble simu-

lations initialized with different atmospheric conditions.

The ensemble-mean atmospheric response in each ex-

periment is compared with the climatology of a 300-yr

CAM4 control simulation forced with monthly SST cli-

matology from the CCSM4 control simulation.

3. Results

a. TPDV and ENSO modulation

The CCSM4 control simulation displays distinct

modulation of ENSO on decadal–interdecadal time

scales throughout the 1300-yr integration. Figure 1

shows the monthly Niño-3.4 index from a 200-yr seg-

ment of the CCSM4 simulation and the Hadley Centre

Sea Ice and SST (HadISST) dataset for 1870–2016

(Rayner et al. 2003). The amplitude of interannual

ENSO variability fluctuates considerably from decade

to decade in CCSM4, as quantified by 10-yr running

standard deviations of the Niño-3.4 index. The running

standard deviations range from 0.528 to 1.658C, changes
that are more than 50% of the overall amplitude of

1.068C. These values are significantly larger than those

in observations (the range of running standard de-

viations from 0.518 to 1.038C and the overall amplitude

of 0.778C). In agreement with previous studies (Yeh and

Kirtman 2004, 2005; McGregor et al. 2010), the modu-

lation of ENSO amplitude is barely correlated with the

decadal variations of the Niño-3.4 index in both CCSM4

(r 5 0.01) and observations (r 5 20.17), which are as-

sociated with the IPO in observations.

The decadal variations of the Niño-3.4 index in

CCSM4 are also associated with a Pacific-wide anomaly

pattern that resembles the observed IPO (Fig. 3). This

pattern emerges as the leading mode of TPDV that ex-

plains nearly half of the total low-pass-filtered variance

in the CCSM4 simulation. Indeed, the decadal compo-

nent of Niño-3.4 index and PC1 of TPDV are highly

correlated at r 5 0.95. The decadal modulation of the

ENSO amplitude in CCSM4, on the other hand, is as-

sociated with a zonal dipole pattern of SST and pre-

cipitation anomalies in the tropical Pacific (Fig. 3),

consistent with previous modeling studies. This pattern

is closely related to the second leading mode of TPDV

that explains 24% of the total low-pass-filtered variance

in the CCSM4 simulation. The ENSO amplitude and

PC2 of TPDV are correlated at r 5 0.81. During the

decades of enhanced ENSO, SSTs and precipitation

increase in the east and decrease in the west, weakening

their climatological zonal contrast. In the eastern trop-

ical Pacific, precipitation anomalies also show a merid-

ional dipole pattern, indicative of a meridional

displacement of the ITCZ. This meridional dipole pat-

tern of precipitation anomalies is most pronounced in

boreal summer–fall when the climatological cold tongue

develops in the equatorial Pacific (not shown). The

ocean–atmosphere anomalies associated with the

ENSO amplitude modulation are not limited to

the tropical Pacific but extend well into the extratropics.

SLP anomalies show a north–south dipole pattern sim-

ilar to the North Pacific Oscillation (NPO; Rogers 1981)

in the North Pacific and a wave train pattern similar to

but in quadrature with the Pacific–South American

pattern (PSA2; Mo 2000) in the South Pacific, with as-

sociated extratropical SST anomalies. The second leading

mode of TPDV is not correlated with the leadingmode of

TPDV at any lags (r , 0.1), while their lagged relation-

ship is reported in a previous study (Choi et al. 2012).

Several previous studies also suggest the linkage between

ENSO amplitude modulation and Atlantic multidecadal

variability (Dong et al. 2006; Timmermann et al. 2007;

Kang et al. 2014), but they are not significantly correlated

in the CCSM4 control simulation.

Do any properties of ENSO other than the amplitude

vary with the two leading modes of TPDV in CCSM4?

Figure 4 shows the temporal evolution of Niño-3.4 in-

dex for individual and composite El Niño and La Niña
events that occur during the positive and negative

phases of the two TPDV modes. The most striking
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change associated with the first mode of TPDV (i.e., the

simulated IPO) is the frequency of El Niño events.

During the positive phase of IPO, the frequency of El

Niño doubles compared to the negative phase. The

frequency of La Niña, on the other hand, becomes

larger during the negative than the positive phase of

IPO, but the difference is not as striking as the El Niño

change. These asymmetric changes in the frequency of

El Niño and La Niña may be related to the asymmetry

in their onset mechanisms. Consistent with observa-

tions, many La Niña events are preceded by El Niño
events in the CCSM4 simulation, while El Niño events

tend to develop from a neutral condition (Table 1).

During the negative phase of IPO, the number of La

FIG. 4. Time series of the Niño-3.4 index (8C) from Jul21 to Jul12 for (left) El Niño and

(right) LaNiña events that occur during the (top) positive and (middle) negative phases of the

PC1 and PC2 TPDV modes in the CCSM4 control simulation. The time series for individual

and composite events are shown by thin gray and thick colored curves, respectively. The

number of events is shown at the top-left corner. (bottom) Comparison of the composite time

series for the positive (red) and negative (blue) phases of TPDV. Gray shading indicates

where the difference between the two composites is statistically significant at the 99% con-

fidence level.
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Niña that develop from a neutral condition increases,

but this change is largely counteracted by a decrease

in the number of La Niña that follows El Niño. When the

10-yr high-pass-filtered Niño-3.4 index is used for the

analysis, these two effects nearly cancel out, and the fre-

quency of La Niña does not change significantly between
the positive and negative phases of IPO. (The latter effect

becomes slightly larger than the first effect, and the

frequency of La Niña decreases negligibly during the

negative phase of IPO.) This result is not inconsistent

with observational and paleoclimate studies that suggest

IPO-related changes in the relative frequency of El Niño

and LaNiña events [Kiem et al. 2003; Verdon and Franks

2006; see also a model study by Power et al. (2006)].

Another significant ENSO change associated with the

IPO is the duration of El Niño events (Figs. 4 and 5). Most

El Niño events that last more than a year after Dec0 occur

during the positive phase of IPO. It is noteworthy that

the two longest El Niño events in observational record

(1939–42 and 1991–95) occurred during the positive phase

of IPO. There is no systematic difference in the duration of

La Niña events associated with the IPO. The increased

duration of El Niño events during the positive phase of

IPO causes a warm bias in the composite evolution of the

FIG. 4. (Continued)
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Niño-3.4 index in year 1 compared to the negative phase

(Fig. 4). The composite evolution of the Niño-3.4 index

also confirms that La Niña events tend to be preceded

more by El Niño events in the previous year during the

positive phase of IPO compared to the negative phase.

There is no other significant difference in the timing and

amplitude of both El Niño and La Niña events related to

the IPO as revealed by the analysis of the Niño-3.4 index.

TABLE 1. The number of El Niño (La Niña) events and those preceded by La Niña (El Niño) or neutral conditions in December of the

prior year (year21) for the entire CCSM4 control simulation (first row) and during the positive and negative phases of the leading TPDV

mode (second and third rows). The numbers in parentheses are based on the 10-yr high-pass-filtered Niño-3.4 index.

El Niño

Year 21

La Niña

Year 21

La Niña Neutral El Niño Neutral

All years 193 (194) 7 (10) 186 (184) 180 (181) 78 (83) 102 (98)

TPDV PC1 . 0 130 (123) 4 (6) 126 (117) 81 (93) 46 (51) 35 (42)

TPDV PC1 , 0 63 (71) 3 (4) 60 (67) 99 (88) 32 (32) 67 (56)

FIG. 5. Histograms of (left) El Niño and (right) La Niña duration for (top) the entire CCSM4

simulation and the positive (red) and negative (blue) phases of the (middle) first and (bottom)

secondTPDVmodes.ThedurationofElNiño (LaNiña) events is definedas thenumber ofmonths

for which the Niño-3.4 index remains above 0.25 (below20.25) standard deviations after Dec0.
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The frequency of both El Niño and La Niña events

increases during the positive phase of the second TPDV

mode compared to the negative phase, as anticipated

from the larger ENSO amplitude (Fig. 4). The onset

timing and initial evolution of El Niño are similar be-

tween the positive and negative phases of the second

TPDV mode, but the difference begins to develop in

boreal summer, the equatorial cold season. During the

positive phase of the second TPDV mode, El Niño de-

velops more rapidly from boreal summer to the end of

year 0 compared to the negative phase. These stronger

El Niño events are terminated more rapidly after Dec0,

leading to stronger La Niña events in the following year.

The change in the amplitude of La Niña between the

positive and negative phases of the second TPDV mode

is less than that for El Niño. The stronger LaNiña events
during the positive phase of the second TPDV mode,

however, become more persistent compared to the

negative phase. It is 3 times more likely for La Niña
events to last longer than a year after Dec0 during the

positive phase of the second TPDV mode compared to

the negative phase (Fig. 5).

In the following subsections, we extend the analysis

beyond the Niño-3.4 index and explore the possible

mechanisms of ENSO modulation and its relation

to TPDV. In particular, we investigate how decadal

changes in the tropical Pacific background state as-

sociated with the two TPDV modes may influence

the properties of El Niño and La Niña. The feedback

of ENSO modulation on TPDV is discussed in

section 4b.

b. Mechanisms of ENSO modulation

1) FREQUENCY

Why do El Niño events become more frequent during

the positive phase of IPO in the CCSM4 simulation? To

answer this question, we first need to understand how El

Niño and La Niña events are initiated. Figure 6 shows

one-sided correlation coefficients of the December Niño-
3.4 index with the Niño-3.4 index and SSH in the eastern

equatorial Pacific (38S–38N, 1508–808W) for the pre-

ceding months of the same year. (In this study, SSH is

used as a proxy of the thermocline depth.) In CCSM4,

Niño-3.4 SST anomalies associatedwith bothElNiño and
La Niña events develop from late boreal spring to mid-

summer, with the correlations to the December Niño-3.4
index reaching 0.7–0.8 by July. The associated SSH

anomalies develop a few months earlier, and the corre-

lations to December Niño-3.4 index exceed 0.6 by May

for both El Niño and La Niña. The most rapid growth of

SSH anomalies occurs between February and April.

To examine what ocean–atmosphere state is related to

the rapid development of SSH anomalies in the eastern

equatorial Pacific that lead toElNiño and LaNiña events
in CCSM4, the positive and negative December Niño-3.4
indices are correlated with global SST and surface wind

fields for February–April of the same year (Fig. 7, top).

FIG. 6. Correlations of the December Niño-3.4 index with the Niño-3.4 index (black),

SSH in the eastern equatorial Pacific (38S–38N, 1508–808W; purple), and interbasin SST

gradient (108S–108N, 1408E–808W minus 108S–108N, 508W–1008E; green) for months of

the same year in the CCSM4 control simulation. The correlations are calculated sepa-

rately for the (left) positive and (right) negative December Niño-3.4 indices. The cor-

relation values exceeding 0.1 are statistically significant at the 99% confidence level for

the approximate sample size of 650. The interbasin SST gradient index is defined after

one-sided regressions on the December Niño-3.4 index of the previous year are removed

from the SST field.
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Consistent with the analyses presented earlier, the cor-

relation patterns are asymmetric betweenElNiño andLa
Niña, with La Niña being preceded more by the opposite

phase of ENSO. TheENSO state prior to the ElNiño and
La Niña onset, however, varies greatly among individual

events (cf. Fig. 4), resulting in weak SST correlations

in the tropical Pacific (r ’ 0.2). To investigate what

deviations from the average cycle of ENSO affect

the development of ENSO events, the same one-sided

correlation analysis is conducted after the effects of

previous ENSO events are removed from the February–

April SST and surface wind fields using one-sided

regressions based on the previous year’s December Niño-
3.4 index (Fig. 7, bottom). The resultant correlation pat-

terns are overall symmetrical between El Niño and La

Niña: tropical SST correlations are positive and larger

in the Pacific and negative in the Indian and Atlantic

Oceans, with positive zonal wind correlations in the

western equatorial Pacific. These zonal wind anoma-

lies would affect SSH in the eastern equatorial Pacific

in the following season via excitation of equatorial

Kelvin waves.

Although the causality of these SST and wind

anomalies leading to ENSO events will require

further investigation, this result suggests that the SST

gradient between the tropical Pacific and Atlantic or

Indian Oceans is an important factor for the develop-

ment of both El Niño and La Niña events. Indeed, the

December Niño-3.4 index is significantly correlated

with the interbasin SST gradient index (108S–108N,

1408E–808W minus 108S–108N, 508W–1008E; the effect

of previous ENSO events is removed as in Fig. 7) in

February–April for both El Niño and La Niña, leading
the correlations with SSH in the eastern equatorial

Pacific (Fig. 6). The December Niño-3.4 index is more

highly correlated with the interbasin SST gradient in-

dex than with the tropical Pacific SST index alone

(108S–108N, 1408E–808W) in February–April (r 5 0.74

and 0.65, respectively, based on two-sided correlation).

Observational analysis shows a similar sensitivity of the

El Niño and La Niña onset to interbasin SST gradient

anomalies, although the relationship is not as robust as

in CCSM4 (not shown). This result is also consistent

with previous studies suggesting the impacts of SST

variability outside the tropical Pacific on ENSO and

TPDV (e.g., Latif and Barnett 1995; Wang 2006; Dong

et al. 2006; Jansen et al. 2009; Okumura et al. 2011;

Ding et al. 2012; Kang et al. 2014; McGregor et al. 2014;

FIG. 7. (top) Correlation map of February–April global surface temperature (shading) and wind (vectors)

anomalies with the December Niño-3.4 index of the same year in the CCSM4 control simulation. (bottom) As in

(top), but one-sided regressions on the December Niño-3.4 index of the previous year are removed from the

February–April surface temperature and wind fields prior to the correlation analysis. The correlations are calcu-

lated separately for the (left) positive and (right) negative December Niño-3.4 indices. The correlation values

exceeding 0.1 are statistically significant at the 99% confidence level for the approximate sample size of 650.

4716 JOURNAL OF CL IMATE VOLUME 30

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 02/11/21 08:23 PM UTC



Chikamoto et al. 2015). Given that ENSO exerts strong

influences on SST variability in the Atlantic and Indian

Oceans (e.g., Xie and Carton 2004; Schott et al. 2009),

this result suggests two-way interactions between the

tropical Pacific and Atlantic or Indian Oceans.

The deviations of interbasin SST gradients from the

average ENSO cycle can be caused by multiple factors,

including different decay timing of previous ENSO events,

internal variability in the Atlantic and Indian Oceans, or

changes in the background state of the tropical oceans.

During the positive phase of IPO, all the tropical oceans

become warmer, but the tropical Pacific warms more than

the Atlantic and Indian Oceans (Fig. 3). This interdecadal

shift in the background interbasin SST gradient may in-

crease the chance of El Niño development during the

positive phase of IPO.Figure 8 presents the relations of the

February–April interbasin SST gradient, May–June SSH

in the eastern equatorial Pacific, and December Niño-3.4
index for the positive and negative phases of IPO. As in

Figs. 6 and 7, the effect of previous ENSO events is re-

moved from the interbasin SST gradient index using the

regression analysis based on the previous year’sDecember

Niño-3.4 index. The February–April interbasin SST gra-

dient index is highly correlated with both May–June

equatorial Pacific SSH (r5 0.79) and December Niño-3.4
index (r5 0.74) for the entire 1300-yr simulation. Figure 8

shows that the increased occurrence of El Niño during the

positive phase of IPO is indeed related to the positive bias

in the interbasin SST gradient index compared to the

negative phase. The difference between the positive and

negative phases of IPO is not very clear for La Niña in

Fig. 8, but the occurrence of La Niña events that develop
from neutral condition does increase in association with

the negative bias in the interbasin SST gradient index

during the negative phase of IPO (not shown).

2) DURATION

El Niño events tend to terminate quickly after the

mature phase, while La Niña events often persist for

another year (Fig. 2). Not every event follows this

composite evolution, and the duration of El Niño and

LaNiña varies greatly from event to event (Figs. 4 and 5).

As shown earlier, most El Niño events that last longer

than a year after Dec0 occur during the positive phase

of IPO in CCSM4. Three-fourths of multiyear La Niña
events, on the other hand, occur during the positive

phase of the second TPDV mode, the period of strong

ENSO. What are the factors that affect the evolution

of El Niño and La Niña after the first peak in Dec0 and

hence their duration? Figures 9 and 10 show the

composite evolution of equatorial SST, surface wind,

precipitation, and SSH anomalies for El Niño and La

Niña events for which the sign of Niño-3.4 index

FIG. 8. Scatterplots of the February–April interbasin SST gra-

dient (108S–108N, 1408E–808W minus 108S–108N, 508W–1008E) vs
theMay–June SSH in the eastern equatorial Pacific (38S–38N, 1508–
808W) for the (top) positive and (bottom) negative phases of the

first TPDV mode in the CCSM4 control simulation. The color of

each dot indicates the value of the same year’s December Niño-3.4
index. The interbasin SST gradient index is defined after one-sided

regressions on the December Niño-3.4 index of the previous year

are removed from the SST field. All the indices are shown in

standard deviation units. The interbasin SST gradient index is

correlated with the SSH (Niño-3.4) index at r 5 0.79 (0.74) for the

entire 1300-yr simulation.
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changes or remains the same in Dec11. These figures

suggest that one of the important factors for the du-

ration of El Niño and La Niña is the amplitude of

events: stronger El Niño events terminate more

quickly, while stronger La Niña events last longer

compared to weaker events. These stronger and longer

La Niña events are preceded by stronger El Niño
events and the associated larger upwelling Kelvin

waves propagating from the western equatorial Pacific,

compared to weaker and shorter La Niña events. As

discussed in previous studies, this asymmetry in the

duration of strong El Niño and La Niña events arises

from nonlinearity in the tropical ocean–atmosphere

system. For example, asymmetric response of tropical

Pacific precipitation to El Niño and La Niña makes

surface winds more susceptible to negative feedback

from the Indian Ocean during El Niño than La Niña
(e.g., Okumura et al. 2011; Ohba and Watanabe 2012),

while the nonlinearity in the thermocline feedback

slows down the termination of La Niña events com-

pared to El Niño (e.g., Meinen and McPhaden 2000;

DiNezio and Deser 2014).

In addition to the amplitude, there is another impor-

tant factor that appears to affect the duration of ENSO

FIG. 9. Longitude–time cross sections of composite SST (8C; shading), surface wind (m s21; vectors), and pre-

cipitation [positive (negative) contours in green solid (brown dashed) at61, 3, 5, . . .mmday21] anomalies along the

equator (38S–38N) for Oct21–Apr12 of (left) El Niño and (right) La Niña events with (top) negative and (middle)

positive Dec11 Niño-3.4 index in the CCSM4 control simulation. (bottom) Difference between (top) and (middle)

multiplied by 2 for Oct21–Jul11.
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events (Figs. 9 and 10). El Niño and La Niña events that
terminate after the mature phase tend to develop ear-

lier during year 0 compared to multiyear events. The

earlier onset of ENSO events leads to earlier devel-

opment of SSH anomalies in the eastern equatorial

Indian Ocean and stronger response of the Indian

Ocean dipole mode in boreal fall compared to multi-

year events. During multiyear ENSO events, SSH

anomalies of similar magnitude develop over the

eastern equatorial Indian Ocean in boreal winter but

do not strongly affect SSTs as the seasonal upwelling

subsides after fall. Basinwide SST anomalies over the

Indian Ocean, which develop after the dipole response

decays and have the same sign as Pacific SST anomalies,

are slightly stronger during single-year than multiyear

ENSO events. SST anomalies of the same sign also de-

velop earlier in the tropical Atlantic during single-year

than multiyear ENSO events. Thus, the timing of ENSO

event onset and attendant development of SST anomalies

in the other tropical oceans appear to be another factor

affecting the duration of El Niño and La Niña events.

This factor can also be understood in terms of the in-

terbasin SST gradient: the early adjustment of the At-

lantic and Indian Oceans to Pacific SST anomalies

weakens the interbasin SST gradient anomalies and may

hasten the termination of ENSO events.

Figure 11 shows the relation between the duration of

El Niño and La Niña events and the first factor, their

FIG. 10. As in Fig. 9, but for composite SSH (cm; shading) and SST (black contours at intervals of 0.48C; zero
contours thickened) anomalies.
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amplitude, for the positive and negative phases of the

two TPDVmodes. For simplicity, we use theDec0 Niño-
3.4 index for the index of ElNiño amplitude. For the index

of La Niña amplitude, we instead use Jan0–Mar0 SSH in

the western equatorial Pacific (38S–38N, 1408E–1608W)

because this is one of the most prominent precursors of

La Niña duration (Fig. 10) and is linked to the ampli-

tude of La Niña that follows, as will be discussed in the

next section. Figure 11 confirms that the amplitude is

indeed an important factor for the duration of both El

Niño and La Niña events. The majority of strong El

Niño events for which the Dec0 Niño-3.4 index exceeds
1.75 standard deviation terminate within 7months after

Dec0 [58 out of 72 events (81%)], and these strong and

short El Niño events occurs mostly during the positive

phase of the second TPDV mode [51 out of 58 events

FIG. 11. Scatterplots of (left) the Dec0 Niño-3.4 index vs the duration of El Niño events and (right) the Jan0–Mar0 (JFM0) SSH in the

western equatorial Pacific (38S–38N, 1408E–1608W) vs the duration of La Niña events in the CCSM4 control simulation. (top) ENSO

events that occur during the positive and negative phases of the first TPDVmode are shown by red and blue dots, respectively. (bottom)

As in (top), but for the second TPDVmode. The duration of El Niño (La Niña) events is defined as the number of months for which the

Niño-3.4 index remains above 0.25 (below 20.25) standard deviations after Dec0.
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(88%); Fig. 11, bottom left). The weaker El Niño events

exhibit bimodal distribution of their duration and the

majority of the weaker events that last longer than

7 months occur during the positive phase of IPO [41

out of 50 events (82%); Fig. 11, top left]. Most La Niña
events preceded by large negative SSH anomalies over

the western equatorial Pacific in Jan0–Mar0 (less

than21.75 standard deviation), on the other hand, last

longer than a year after Dec0 [31 out of 36 events

(86%)], and these strong and long La Niña events

happen mostly during the positive phase of the second

TPDV mode [29 out of 31 events (94%); Fig. 12, bot-

tom right]. The weaker La Niña events show bimodal

distribution of their duration, but there is no clear bias

in the distribution between the positive and negative

phases of both the TPDV modes.

The second factor appears to play an important role

for the increased occurrence of multiyear El Niño
events during the positive phase of IPO. There is no

significant change in the timing and amplitude of SST

anomalies outside the tropical Pacific between the

positive and negative phases of IPO (not shown).

However, El Niño–like changes in the background

state increase the interbasin SST gradient toward the

tropical Pacific during the positive phase of IPO

compared to the negative phase (Fig. 3). The fre-

quent occurrence of multiyear El Niño events during

the positive phase of IPO is indeed associated with

the positive bias in the interbasin SST gradient in

Feb11–Apr11 (Fig. 12). During the negative phase of

IPO, the same mechanism acts to increase the duration

of La Niña events compared to the negative phase, but

this effect is nearly counteracted by the decrease in the

number of La Niña following El Niño, which tends to

be stronger and last longer than La Niña that develops
from neutral condition (not shown). The relative role

of these different factors for the ENSO event duration

will need to be studied further in both models and

observations.

3) AMPLITUDE AND PATTERN

In CCSM4, both El Niño and La Niña become

stronger during the positive phase of the second TPDV

mode, consistent with previous modeling studies. El

Niño and La Niña, however, intensify for different rea-

sons. Figures 13 and 14 present the composite evolution

of equatorial Pacific SST, surface wind, precipitation,

and SSH anomalies for El Niño and La Niña events that
occur during the positive and negative phases of the

second TPDV mode. The main difference between the

positive and negative phases of the second TPDVmode

is found for El Niño from late boreal spring to winter,

the season when the equatorial Pacific cold tongue

develops and the Bjerknes feedback strengthens. Dur-

ing the positive phase of the second TPDV mode, pos-

itive precipitation anomalies associated with equatorial

warming become enhanced and displaced eastward

compared to the negative phase. The related increase in

westerly wind anomalies over the central Pacific

deepens the thermocline and enhances positive SST

anomalies in the eastern Pacific, resulting in rapid de-

velopment of El Niño (cf. Fig. 4). During the positive

FIG. 12. As in Fig. 8, but only for year 1 of El Niño events.
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phase of the second TPDV mode, this eastward shift of

ocean–atmosphere anomalies could lead to the devel-

opment of anomalous easterly winds in the far western

Pacific after the mature phase of El Niño, which would

force an upwelling Kelvin wave and initiate La Niña
in year 1.

The intensification of La Niña during the positive

phase of the second TPDVmode, on the other hand, is

caused by the intensification of the preceding El Niño
and attendant upwelling Kelvin wave (Figs. 13 and 14).

The difference in the amplitude of the preceding El

Niño, however, is not statistically significant in Fig. 4.

During the positive phase of the second TPDV mode,

there are increased occurrences of a La Niña event that

follows a strong El Niño but takes two years to fully

develop, similar to the observed La Niña events in 1983–
86 and 1998–2001. The effect of El Niño amplitude on

the following La Niña’s amplitude becomes more evi-

dent when these slow-developing La Niña events are

separated in the composite analysis (not shown).

FIG. 13. Longitude–time cross sections of composite SST (8C; shading), surface wind (m s21; vectors), and precipitation [positive

(negative) contours in green solid (brown dashed) at61, 3, 5, . . .mmday21] anomalies along the equator (38S–38N) for Oct21–Apr12 of

(top) El Niño and (bottom) La Niña events that occur during the (left) positive and (center) negative phases of the second TPDVmode in

the CCSM4 control simulation. (right) Difference between (left) and (center) multiplied by 2.
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Figures 13 and 14 also show that stronger equatorial

cooling during the positive phase of the second TPDV

mode increases negative precipitation and easterly sur-

facewind anomalies over thewesternPacific compared to

the negative phase, which may contribute to the longer

duration of La Niña events.

The spatial patterns of ocean–atmosphere anoma-

lies also show asymmetric changes between El Niño
and La Niña in association with the second TPDV

mode. One-sided regression analysis is conducted

based on the Niño-3.4 index for all months that fall on

the positive and negative phases of the second TPDV

mode in Fig. 15. For the positive unit Niño-3.4 index,

tropical Pacific SST and precipitation anomalies be-

come larger in the east and smaller in the west during

the positive than the negative phase of TPDV, with

stronger westerly wind anomalies in the central Pacific.

Positive precipitation anomalies in the eastern Pacific

are centered closer to the equator during the positive

than the negative phase of TPDV. These changes in the

FIG. 14. As in Fig. 13, but for composite SSH (cm; shading) and SST (black contours at intervals of 0.48C; zero contours thickened)

anomalies.
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El Niño anomaly pattern are seen throughout the year

but most prominent in boreal summer, when El Niño
starts to develop (not shown). It should also be noted that

these changes in the El Niño anomaly pattern are much

like the decadal changes in the background state associ-

ated with the second TPDV mode (cf. Fig. 3). For La

Niña, one-sided regression analysis based on the negative

Niño-3.4 index suggests that negative equatorial SST

anomalies extend farther to the west during the positive

phase of the second TPDV mode compared to the neg-

ative phase, but there is no other significant change in the

anomaly pattern over the central and eastern Pacific.

Ogata et al. (2013) suggest that nonlinearity in the zonal

temperature advection causes this westward extension of

La Niña SST anomalies during the period of strong

ENSO. This differing modulation of ENSO patterns re-

sults in stronger asymmetry in the pattern of El Niño and

La Niña during the positive phase of the second TPDV

mode compared to the negative phase.

Why do the spatial pattern and seasonal evolution of

ocean–atmosphere anomalies modulate mainly for El

Niño in association with the second TPDV mode? To

investigate the role of nonlinearity in atmospheric pro-

cesses for the asymmetric ENSOmodulation, we conduct

standalone CAM4 experiments by prescribing monthly

SSTs for composite El Niño and La Niña events with

changes in the background SSTs associated with the sec-

ond TPDV mode (see section 2d for methods). Figure 16

compares the seasonal evolution of ensemble-mean

equatorial precipitation and surface wind response in

these CAM4 experiments along with SST forcing. In

CAM4, the cooler background SST in the western trop-

ical Pacific enhances negative precipitation anomalies for

both El Niño and La Niña. The warmer background SST

in the eastern tropical Pacific, on the other hand, in-

creases equatorial precipitation response only for El

Niño, in agreement with the analysis of CCSM4 simula-

tion. The difference in the atmospheric response to El

Niño between the positive and negative phases of TPDV

ismuch smaller inCAM4 than inCCSM4, but these small

changes would likely be amplified through the Bjerknes

feedback when the CAM4 is coupled to the ocean.

The asymmetric changes in the atmospheric response

to El Niño and LaNiña in CAM4 can be explained by the

FIG. 15. One-sided regression maps of tropical Pacific SST (8C; shading), surface wind (m s21; vectors), and precipitation [positive

(negative) contours in green solid (brown dashed) at intervals of 1mmday21] anomalies on the (left) positive and (right) negative Niño-
3.4 index during the (top) positive and (middle) negative phases of the second TPDV mode in the CCSM4 control simulation. (bottom)

Difference between (top) and (middle) multiplied by 2. The sign of regression on the negative Niño-3.4 index is reversed. The regression
coefficients are for 18C of the Niño-3.4 index. The regression analysis is not stratified by season, and all months that fall on the positive and

negative phases of the second TPDV mode are used.
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nonlinear relation between the atmospheric deep con-

vection and SSTs over the eastern equatorial Pacific

(Fig. 17). In this region, the sharp gradient of background

SSTs due to the presence of the equatorial cold tongue

causes the atmospheric convergence and resultant deep

convection over the warmest SSTs just north of the

equator. Climatological precipitation rates during the

equatorial cold season increase exponentially, with

SSTs over 268C in this region. The warming associated

with El Niño can elevate equatorial SSTs above

this convective threshold, and an increase in the

background SSTs facilitates this change. The cooling

associated with La Niña, on the other hand, does not

significantly affect the already cold and dry condition in

the equatorial Pacific, and decadal changes in the back-

ground SSTs are too small to modulate this precipitation

response to La Niña. Takahashi and Dewitte (2016)

suggest that this convective SST threshold causes non-

linear regimes of strong and moderate El Niño.
The background SST changes associated with IPO

have similar asymmetric influence on the anomaly pat-

terns of El Niño and La Niña, but their impact is much

FIG. 16. Longitude–time cross sections of the ensemble-mean equatorial Pacific (38S–38N) surface wind (m s21; vectors) and pre-

cipitation [positive (negative) contours in green solid (brown dashed) at61, 3, 5, . . .mmday21] response for Jan0–Apr12 in the standalone

CAM4 experiments forced with the composite (top) El Niño and (bottom) La Niña SST anomalies (8C; shading) and the background SST

changes for the (left) positive and (center) negative phases of the second TPDV mode based on the CCSM4 control simulation. (right)

Difference between (left) and (center) multiplied by 2.
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weaker compared to the second TPDV mode (not

shown). In addition to the magnitude of background

SST changes, their spatial pattern and influence on the

SST gradient may also play an important role. Note that

the second TPDV mode affects both the zonal and

meridional gradients of background SSTs while the IPO

has minimal impact on the zonal SST gradient (Fig. 3).

In support of these findings, recent studies of anthro-

pogenic ENSO changes show that the spatial pattern of

tropical Pacific SST warming has a similar nonlinear

impact on the precipitation response to El Niño and La

Niña (Cai et al. 2014; Chung et al. 2014; Chung and

Power 2014; Zheng et al. 2016).

4. Discussions

a. Origins of TPDV

What causes the decadal changes in the background

state associated with ENSO modulation? Some pre-

vious studies argue that TPDV may be generated by

decadal changes in ENSO, rather than the other way

around (e.g., Rodgers et al. 2004; Vimont 2005). The

patterns of TPDV in CCSM4, however, have re-

semblance to those in the CAM4-SOM control simu-

lation, in which the Bjerknes feedback, a mechanism

crucial for the interannual variability of ENSO, is

absent (cf. Figs. 3 and 18). In agreement with the

multimodel study by Clement et al. (2011), the IPO

simulated in CCSM4 is similar to the leading mode of

TPDV in CAM4-SOM, albeit with weaker anomalies

over the equatorial and North Pacific in CAM4-SOM

compared to CCSM4. The power spectra of the Niño-
3.4 index are not significantly different between

CCSM4 and CAM4-SOM on decadal and longer time

scales (Okumura 2013), although the relative impor-

tance of ocean dynamics may be model dependent

(Clement et al. 2011). In CAM4-SOM, the ocean and

atmosphere are coupled only through local surface

heat fluxes, and therefore internal variability of the

extratropical atmospheric circulation plays an impor-

tant role in determining the large-scale patterns of

SST variability. The stochastic atmospheric forcing is

integrated by the ocean mixed layer and produces

low-frequency SST variability in the extratropics

(Frankignoul and Hasselmann 1977), which further

influences the tropics through atmospheric tele-

connections (Barnett et al. 1999; Pierce et al. 2000;

Dommenget and Latif 2008). Recent studies suggest

that the tropical Pacific is more strongly influenced by

stochastic atmospheric forcing from the South Pacific

than from the North Pacific because of the northward

displacement of the ITCZ (Okumura 2013; Zhang

FIG. 17. Scatterplots of June–November SST climatology vs (top)

June–November precipitation climatology in the CAM4 control

simulation and Jun0–Nov0 ensemble-mean precipitation response in

the CAM4 (middle) El Niño and (bottom) La Niña experiments over

the eastern tropical Pacific (108S–108N, 1508–808W). In (middle),

(bottom), red and blue circles show the El Niño/La Niña experiments

with the background SST changes associated with the positive and

negative phases of the second TPDV mode, respectively.
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et al. 2014b). In particular, the IPO simulated in

CAM4-SOM is linked to the leading mode of atmo-

spheric variability over the South Pacific, the PSA

mode, which affects the strength of southeasterly

trade winds over the southeast tropical Pacific. The

attendant thermodynamic air–sea interactions within

the tropical Pacific generate ENSO-like anomaly

pattern (Dommenget 2010; Clement et al. 2011). This

IPO driven by stochastic atmospheric variability may in-

fluence the frequency and duration of El Niño events in

CCSM4 as discussed in the previous section. Although

some studies suggest that stochastic atmospheric forcing

also affects the development of interannual ENSO events

(e.g., Vimont et al. 2001;Anderson 2003;Chang et al. 2007;

Alexander et al. 2010; Zhang et al. 2014a), the modes of

extratropical atmospheric variability (e.g., the NPO and

PSA) are not directly linked to the decadal modulation of

ENSO in the CCSM4 control simulation.

The global anomaly pattern associated with the

second TPDV mode also has some resemblance be-

tween the CCSM4 and CAM4-SOM control simulations

(Figs. 3 and 18). Although the zonal dipole pattern in the

tropical Pacific is considerably weaker in CAM4-SOM

compared toCCSM4, the extratropical ocean–atmosphere

anomaly patterns are surprisingly similar between the

two models over both the North and South Pacific. As in

CCSM4, the extratropical SLP anomalies inCAM4-SOM

project onto the NPO and PSA2 patterns. Both the NPO

and PSA2 patterns arise from internal atmospheric dy-

namics and appear as the second leading EOF mode of

monthly SLP variability over the extratropical North and

South Pacific, respectively, in the CAM4 control simu-

lations, as well as in CCSM4 and CAM4-SOM. To in-

vestigate the role of stochastic variability of these modes

in generating the second leading mode of TPDV, the

NPO and PSA2 PCs in CAM4-SOM and CCSM4 are

correlated with global SST and SLP in Fig. 19. In CAM4-

SOM, the NPO and PSA2 modes are not significantly

correlatedwith underlying SSTs onmonth-to-month time

scales, confirming that they arise in the absence of SST

forcing, but the correlations to tropical SSTs increase to

0.3–0.5 on decadal time scales. Intriguingly, the PSA2

mode is associated with a zonal dipole pattern of SSTs in

the tropical Pacific, while the SST correlations with the

NPO mode is limited mostly to north of the equator.

The CCSM4 shows very similar correlation patterns with

the NPO and PSA2 modes on decadal time scales.

Compared to CAM4-SOM, the PSA2mode in CCSM4 is

more strongly correlated with the zonal dipole pattern of

SSTs over the tropical Pacific and the correlations with

North Pacific SLP extend farther to the north, projecting

onto the NPO pattern. This result suggests that stochastic

atmospheric variability over the South Pacific plays an

important role also for the second leading mode of

TPDV, which is associated with the decadal modulation

of ENSO amplitude, as well as the asymmetry in the

duration and pattern of El Niño and La Niña in CCSM4.

The enhanced decadal SST anomalies over the tropical

Pacific in CCSM4 may further affect the extratropical

atmospheric circulation and SSTs over the North Pacific,

inducing a basinwide decadal anomaly pattern.

b. Effect of ENSO modulation on TPDV

The equatorial ocean–atmosphere anomalies asso-

ciated with the two TPDV modes are more pro-

nounced in CCSM4 than in CAM4-SOM (cf. Figs. 3

and 18), suggesting the role of equatorial ocean dy-

namics in CCSM4. It is plausible that the ENSO

modulation induced by stochastically forced changes

in the background state, in turn, affects both the

TPDV modes in CCSM4. During the positive phase of

IPO, the increased occurrence and duration of El

FIG. 18. Regression maps of global SST (8C; shading), SLP (black contours at intervals of 0.1 hPa; zero

contours thickened), and precipitation [positive (negative) contours in green solid (brown dashed) at intervals

of 0.2 mm day21] anomalies on the (left) PC1 and (right) PC2 of TPDV in the CAM4-SOM control simulation.

The PCs are standardized and SST, SLP, and precipitation data are smoothed with a 10-yr low-pass filter prior

to the regression analysis. The first and second modes of TPDV explain 38% and 18% of the total low-pass-

filtered variance, respectively.
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Niño events are likely to shift the background climate

of the tropical Pacific more toward El Niño–like state,
as suggested by Vimont (2005). During the positive

phase of the second TPDV mode, on the other hand,

the ocean–atmosphere anomaly patterns become

more asymmetric between El Niño and La Niña
compared to the negative phase. The sum of El Niño
and La Niña composite anomalies produces a residual

pattern very similar to changes in the background

state during the positive phase of the second TPDV

mode, while the asymmetry is negligible during the

negative phase (Fig. 20). These changes in the back-

ground state induced by ENSO modulation would

further enhance changes in ENSO. Indeed, the ENSO

amplitude and TPDV PC2 are positively correlated

for both positive and negative lags, indicative of their

positive feedback (Fig. 21). The correlations are

slightly larger when the ENSO amplitude leads TPDV

PC2, suggesting that the ENSO dynamics may play a

more important role in generating the distinct zonal

dipole pattern of the second TPDV mode than sto-

chastic atmospheric forcing.

5. Summary

The analyses of the 1300-yr CCSM4 control simula-

tion show that various properties of ENSO modulate

on decadal–interdecadal time scales in association with

the two leading modes of TPDV. In addition to the

amplitude, which previous studies of ENSO modula-

tion focus on, we show that the frequency, duration,

and pattern of ENSO also exhibit distinct decadal

modulation in CCSM4. In particular, the leading mode

of TPDV, the simulated IPO, is related to significant

changes in the frequency and duration of El Niño
events. The relation between the IPO and ENSO

FIG. 19. Correlation maps of global SLP (contours at intervals of 0.2; zero contours thickened) and surface tem-

perature (shading) anomalies with the PC2 of monthly SLP variability over the extratropical (left) North (158–708N,

1308E–1108W) and (right) South (158– 708S, 1708E–708W) Pacific in (top),(middle) the CAM4-SOM and (bottom)

CCSM4 control simulations. In (middle),(bottom), the monthly PCs and SLP and surface temperature data are

smoothed with a 10-yr low-pass filter prior to the correlation analysis. InCAM4-SOM (CCSM4), theNorth and South

Pacific SLP EOF modes explain 22% and 21% (22% and 21%) of the total variance, respectively.
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modulation remained ambiguous in previous studies,

and this result may help us to understand observed

ENSO changes associated with IPO. The second lead-

ing mode of TPDV, on the other hand, is highly cor-

related with the ENSO amplitude and duration of La

Niña events, as well as the asymmetry in the pattern

and duration of El Niño and La Niña. The relation

between the second TPDVmode and ENSO amplitude

has been known from previous studies, but we show

that different processes affect the amplitude of El Niño
and La Niña.
The ENSO modulation associated with the two

leading modes of TPDV is not symmetrical between

El Niño and La Niña and detailed analyses of the

modulation mechanisms suggest nonlinear nature of

the tropical ocean–atmosphere system. In general, El

Niño, which tends to develop from neutral condition,

appears more sensitive to decadal changes in the

background state. The frequency and duration of El

Niño modulate in association with decadal changes in

the interbasin SST gradient. Although the same

mechanism seems to affect the frequency and duration

of La Niña, La Niña is equally influenced by changes in

El Niño that often precedes La Niña, and these effects

tend to cancel each other. The pattern and seasonal

evolution of El Niño are also more sensitive to decadal

changes in the background state than those of La Niña
because of the nonlinear relation between the atmo-

spheric deep convection and SSTs. The resultant

changes in the amplitude of El Niño drive changes in

the amplitude and duration of the following La Niña.
These asymmetric changes in El Niño and La Niña

cannot be simply explained by random forcing and

are indicative of the complex and interactive nature of

TPDV and ENSO. The comparison of TPDV in the

CCSM4 and CAM4-SOM control simulations suggests

that TPDV does not require the equatorial ocean dy-

namics for its presence. Internal atmospheric vari-

ability over the South Pacific appears to play an

important role in both of the two leading modes of

TPDV because of the meridional asymmetry in tropi-

cal Pacific climate. The stochastically forced TPDV

may modulate the properties of El Niño and the fol-

lowing La Niña, and these ENSO changes would, in

turn, positively feed back to TPDV. These hypotheses

of TPDV–ENSO interactions are currently being

tested with CCSM4 experiments, and the results will

be reported in the near future.

Although the CCSM4 simulates many important

features of tropical Pacific climate and variability, it

remains to be seen to what degree the mechanisms of

TPDV and ENSO modulation in CCSM4 apply to the

real world. The excessively strong ENSO in this model

may affect the strength of interactions between TPDV

and ENSO. The comparison of these model results

with observations is not trivial, as observational data

FIG. 20. Sum of El Niño and La Niña composite anomalies of

surface temperature (8C; shading), SLP (black contours at intervals

of 0.5 hPa; zero contours thickened), and precipitation [positive

(negative) contours in green solid (brown dashed) at intervals of

1mmday21] for Jun0–May11 during the (top) positive and (bot-

tom) negative phases of the second TPDV mode.

FIG. 21. Lead–lag correlations between the PC2 of TPDV and

10-yr running standard deviation of the Niño-3.4 index (ENSO

amplitude). Positive (negative) lags indicate that the ENSO am-

plitude leads (lags) the TPDV PC2.
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are available only for the past 150 yr, which covers

only 1–2 cycles of TPDV and ENSO modulation, in

addition to the uncertainty in early observations and

the difficulty in separating TPDV from anthropogenic

effects (e.g., Deser et al. 2010b; Tokinaga et al. 2012).

Paleoclimate proxy data from various sources may be-

come useful tools to analyze the relation of TPDV and

ENSO modulation (e.g., McGregor et al. 2010, 2013b;

Emile-Geay et al. 2013). Nonetheless, the processes that

control various properties of El Niño and La Niña an-

alyzed in this study will provide new foundations to

further our understanding not only of TPDV and

ENSO modulation, but also of seasonal ENSO pre-

diction and anthropogenic ENSO change.
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